Introduction
One of the main challenges for the cement industry is to reduce CO 2 emissions into the atmosphere during the manufacture of Portland cement (0.89 t CO 2 /t clinker). Efforts in this respect have been ongoing for a number of years due to commitments under the Kyoto Protocol to cut greenhouse gas emissions, in particular CO 2 . In this context, the use of supplementary cementing materials (natural and waste) is currently a priority research line [1] [2] [3] . Mineral additions are commonly employed in the cement industry [4] [5] [6] and their use has increased in recent decades thanks to their scientific, technical, environmental and thermal benefits [7] [8] [9] [10] [11] [12] [13] [14] . The use of supplementary materials like pozzolans in concrete helps to reduce clinker production (and hence CO 2 emissions), avoids landfill disposal needs, and can improve the performance of new building materials and thus prolong the service life of buildings; all of which contributes to sustainable development [15] .
Reservoir silting is a real environmental problem in Algeria, especially in the west of the country, and is largely due to the dryness of this region and the irregularity of rainfall over the year. Flash floods pick up minerals and sediments from normally dry river beds and carry them downstream to reservoir basins where they are deposited to form the sludges studied in this work. The mineralogical composition of these sludges depends on the regional lithology, and their partial dissolution leads to their chemical reactivation. Silting can severely affect a reservoir's storage capacity, so the sediments need to be periodically removed. This, however, gives rise to fresh environmental problems when sludge is dumped on surrounding land. As an alternative means of disposal it is proposed to use these alumina-silica-rich sludges in replacement of the pozzolans traditionally employed in commercial Portland cement production (fly ash, silica fume, metakaolin and natural pozzolans).
The viability of using this kind of materials in the cement industry has not previously been addressed in the literature, and the present paper offers their first complete characterization from scientific and pozzolanic viewpoints, assessing their behaviour in cement matrixes and analyzing the technical aspects set out in European standards (rheology, setting time and strength). It presents the initial results of a broad project to assess the scientific and technical potential for the use of these sludges as active cement additions.
Materials and methods

Characterization
The studied sludges come from five reservoirs in several regions of western Algeria: Tiaret (SLD1), El Bayadh (SLD2), Oran (SLD3), Ain Defla (SLD4) and Tipaza (SLD5). Samples SLD1, SLD3 and SLD4 are found in clayey areas and are alumina-silica-rich. Sample SLD2 comes from an area containing Saharan sand and is silica-rich. Sample SLD5 is found in an andesite-rich area and is of an andesitic nature. Sludges were collected at 9 sites in each reservoir basin, dried, premixed, and successively quartered to obtain representative samples. Each sample was crushed and sieved to 80 microns prior to analysis.
The lime used in the pozzolanic activity test was analytical grade calcium hydroxide (95% minimum purity, 4.8% maximum magnesium and alkaline salt contents, and 0.5% maximum insoluble content).
The cement employed for the technical tests was an ordinary Portland cement (OPC) type CEM I 42.5N according to UNE-EN 197-1 standard.
The chemical composition of the sludges was determined by X-ray fluorescence (XRF) using a Philips PW-1480 dispersive energy spectrophotometer, Sc/Mo anode, in working conditions of 80 kV and 35 mA.
The particle size distribution of the initial sludges (SLD) was determined with a SYPATEC HELOS 12LA laser granulometer [16, 17] .
Nitrogen adsorption and desorption measurements were performed on a ASAP 2010, Micromeritics Instrument Corp., using N 2 -77ºK gas. The samples were outgassed in a vacuum at 50ºC for 12h prior to measurement. Surface areas were calculated from the sorption isotherm data, using the BET (Brunauer-Emmett-Teller) method [18] , in the relative pressure range of 0.003-0.3.
The mineral composition of the samples was determined by random powder X-ray diffraction (XRD) on a Bruker D8 advance diffractometer equipped with a Cu Kα tube. A current of 30 mA and a voltage of 40 KV were employed as the tube setting. XRD data was collected over a 2 range of 5-70º. To check the phyllosilicates in sample SLD5, the oriented and solvated aggregate method with ethylene glycol was used.
Pozzolanic test
The pozzolanic activity of the sludge was studied using an accelerated method. The test consisted of placing the samples in contact with a saturated lime solution at 40ºC for 1, 7, 28 and 90 days. At the end of each period the CaO concentration in the solution was analyzed. The combined lime (mmol/l) was obtained by the difference between the concentration in the control saturated lime solution and the CaO found in the solution in contact with the sample. Commercial metakaolin (MK), fly ash (FA) and silica fume (SF) samples were also used as reference materials in order to establish a comparison [19] .
Blended cements
The methodology and study of the properties of blended cements were developed in accordance with European standard UNE-EN 197-1 [20] . The blends were prepared using type CEM I 42.5N
Portland cement with 20% (weight) sludge replacements. The mechanical strength of the blended cements was analyzed up to 90 days of curing, preparing cement mortars with a water/binder ratio of 0.5 (this ratio was kept constant throughout to ensure the comparability of results). Prismatic specimens of 4x4x16 cm were moulded in accordance with the European standard [21] . The setting times and normal consistency were evaluated as per UNE-EN 196-3 (Vicat apparatus) [22] . as their major components. Attention is drawn to the CO 2 content in samples SLD2-SLD4 which is due to the presence of calcite (see XRD results). (Fig. 3) .
Results and Discussion
Characterization of sludges
Silica, alumina and iron oxide are all potentially reactive oxides in terms of pozzolanic activity (Taylor, 1997) . The sludges with the highest contents of these oxides are SLD5 (more than 85%)
and SLD1 (about 72%), which suggests that these two materials may be the most active on the basis of their chemical characteristics.
Particle size distribution, as determined by laser diffraction, is shown in Fig. 1 These results may suggest a certain independence between the BET specific surface area and the particle size distribution determined by laser diffraction. This is because the BET specific surface area is strongly influence by the internal porous structure of the particles. For this reason, when studying the potential reactivity of wastes or other particles it is important to take into account not only the particle size distribution but also the internal porous structure of the material.
The study of XRD patterns for the initial samples shows that SLD2, SLD3 and SLD4 are quite 
Pozzolanic activity of the analyzed sludges
The results obtained for the sludges combined with lime are shown in Fig. 4 . The samples are compared with normalized pozzolans such as silica fume (SF), fly ash (FA) and metakaolin (MK) and all show high pozzolanic activity in terms of fixed lime results.
Pozzolanic activity is lower for the Algerian sludges than for SF at short reaction times (1-7 days) and higher than FA at all ages. It is important to note that the pozzolanic activity of SLD5 is higher (60% of fixed lime) than that of MK (30%), which is considered a high reactivity pozzolan [23, 24] .
At 28 days of reaction, all the sludges have consumed between 60 and 80% of the available lime, and after 90 days the fixed lime content is only slightly higher. The recorded values are close to those of FA and MK, except for SLD5. With this activity data it may be stated that the most active sludge is SLD5, followed by SLD1 and finally by SLD2-4.
Fig. 4. Pozzolanic activity of reservoir sludges (SLD1-SLD5), FA, MK and SF
In the absence of further studies, this pozzolanic sequence may be related on the one hand to the acid components content (silica and alumina) in the initial samples, mainly in SLD5 (Table 1) , and on the other hand to the difference in the BET values found for each sludge; properties that play an important role in reactivity. With regard to the latter consideration, the BET value of SLD1 (2.50 m 2 /g) does not justify its high activity compared to the other samples (SLD2-SLD4). The lower activity found in SLD2-SLD4 (compared to SLD1 and SLD5) may be related to the presence of calcite (Table 3 and Figure 3 ), which has a negative influence on the pozzolanic reaction, mainly at short times (< 7 days).
Although sludges SLD2, SLD3 and SLD4 have a large BET specific surface area, especially SLD2, they do not present great reactivity at early ages (1 to 7 days) due to their high calcium carbonate content (Fig. 3) . This causes the filler effect to predominate over the pozzolanic reaction. Sludge SLD1, which has a high quartz content, presents the smallest BET specific surface area and the lowest reactivity at early ages (1 to 7 days) but not at 28 days, when the amount of fixed lime is around 80% and close to the value of MK. For its part, the high reactivity of SLD5 is due to its lower crystallinity (Fig. 3 ) and more porous internal structure than the other sludges. Table 2 compares the physical properties of the blended cements prepared with 20% sludges (weight replacement) and the reference OPC. The incorporation of the sludges slightly modifies the consistency of the blended cements. Similar values are found for the cases of SLD1 and SLD5, and higher values for SLD2 and SLD3, while the addition of SLD4 leads to a decrease in consistency (about 5%) compared to the control paste. This behaviour must be related with the higher calcium carbonate content in SLD4, which is well known to act as a "filler" during the first hours of reaction and because of its softness becomes considerably finer than cement [4] , requiring more normal consistency water. This behaviour has also previously been observed in activated paper sludges with supplementary cementing material formed by metakaolinite and calcite [25] [26] [27] .
Blended cements
The addition of this kind of pozzolans to the cement matrix does not affect setting time values, mainly the initial setting time, because it is a standardized method. In this case, the variations observed are within the test error margin. From the results obtained, all the blended cements are seen to comply with the standard requirements (initial setting time ≥ 60 min) for all strength classes.
Compressive strength is also affected by the incorporation of supplementary materials, mostly diminishing compared to the reference mortar (Table 3) . At early ages the substitution effect (filler effect of additions) predominates over the pozzolanic effect, while from 28 days the strength losses are seen to recover due to the pozzolanic properties of the sludges. A slightly (2%) higher compressive strength value than the reference mortar is only achieved after 90 days of reaction with the 20% SLD5 addition. Taking into account the mechanical requirements of the European standard at 28 days of curing [20] , only the mortars prepared with SLD3 and SLD5 comply with the minimum standard strength value for strength class 42.5 R and N (≥42.5 MPa). The other sludges (SLD1, SLD2 and SLD4) show values slightly below the standard value, but are viable for the preparation of 32.5 strength class cements. It is important to note that strength development between 2 and 7 days is higher in the case of the blended cements than for the reference OPC (66%), and reaches 114% for the SLD4 addition. With regard to the improvement between 7 and 28 days, this reaches 34% for the SLD2 addition, above the OPC value (18%), which suggests that this kind of supplementary material achieves long term strength development.
Conclusions
The five studied Algerian reservoir sludges are mainly composed of SiO 2 , Al 2 O 3 , Fe 2 O 3 and CaO, and three of them (samples SLD2-SLD4) have a high CO 2 content. The mineralogical composition of the sludges is complex, with quartz as the major crystalline phase, except in the case of SLD5, where the presence of phyllosilicates (smectite and muscovite) leads to a very low crystallinity value. All the sludges present a very high BET specific surface area and high pozzolanic activity.
SLD5 is the most active sample and shows similar behaviour to silica fume, one of the most active pozzolans used in the cement industry.
The blended cements prepared with 20% of each sludge show higher consistency values than OPC (except SLD4) due to the increased water demand of the pozzolans. The setting time is also higher due to the typical dilution effects of pozzolanic additions. With regard to compressive strength, the blended cements show lower values than OPC, except for SLD5, whose compressive strength is not only similar to that of the reference OPC at 28 days of reaction but even higher after long curing times (90 days).
Considering all of the above, it may be concluded that these sludges can be used as active additions to prepare blended cements with suitable properties. However, it is necessary to obtain a deeper knowledge of their behaviour and to test the durability of the resulting blended cements in order to ensure the good behaviour of the sludges in future cementing matrixes.
